The electrochemical grafting of the "in-situ" prepared diazopyridinium salt have permitted the attachment of pyridine moieties onto platinum and glassy carbon surfaces. The modification of the electrode surfaces is observed by a redox probe. The ability of the film for the complexation of copper (II) ions is demonstrated by square wave voltammetry. After 45 min accumulation of copper (II) ions onto the grafted electrode surfaces, the electrode signal obtained by square wave voltammetry measurement served to discriminate the adsorbed heavy metal ions. Such measurements showed that the grafted pyridine has the ability to display complexing behavior toward some heavy metal ions. DFT calculations support a strong binding of the pyridine moieties onto the Pt surface. The most favorable complexation mode of copper (II) ions as suggested from DFT is the bidentate complex. This strategy is vital in constructing a wide range of different electrochemical sensors.
Introduction
Electrochemical reduction of aryldiazonium salts, at quite low electrode potential, has permitted the modification of the electrode surface with aryl moieties [1] which may serve as physical barriers or platforms for further modifications [2] [3] [4] or are used in molecular electronics and bio sensing [5, 6] . Aryl radicals that are created immediately after the reduction of the diazonium cation, are very reactive species that attack all kinds of material surfaces (conductor, semiconductor or insulator) and attach onto them. Therefore, the modification of the surfaces with aryldiazonium salts is a versatile method in contrast to many other molecules used for surface modification reactions, such as thiols [7, 8] , silanes, phosphonic acids, [9] and etc. Moreover, the synthetic and isolation routes for the aryldiazonium cations are simple [3] ; the de-diazonation methods are easy to achieve, allowing the possibility to modify semiconducting [10] and conducting material surfaces [3, 4] . A strong feature that makes this method appealing for surface modification reactions is also the remarkable stability of the nanocomposite structure generated after the attachment of aryl moieties on the electrode surface. Experimental [2, 4, 11] and theoretical studies [12] [13] [14] [15] [16] support the formation of the covalent bond between material surfaces and aryl groups [4] . There are a vast number of examples that involve the usage of the grafted layers in a number of applications ranging from corrosion protection [17, 18] to photovoltaics [3] . In this study, the covalently grafted 2D pyridinic layers onto the Pt and GC (Glassy Carbon) surface, issued from their corresponding diazonium salts, were explored for the complexation of the copper (II) ions. Moreover, this is the first study to our knowledge that not only uses the theoretical calculation to evaluate the binding energy of the grafted pyridinic layer, but also the interaction (adsorption energy) of the copper (II) ions with this grafted layer. This is of utmost importance as the application for such interfaces can have benefits for sensor construction, corrosion protection, catalysis, pre-concentration of heavy metals etc.
Experimental part 2.1 Instrumentation
A PalmSens 3 potentiostat was used along with a threeelectrode cell at 298 K. A graphite rod (d = 5 mm, l = 6 cm) served as an auxiliary electrode and the saturated calomel electrode (SCE) as a reference electrode. The working electrode was a 3 mm GC or 0.5 mm Pt embedded into Teflon holder (tube). The SW measurement was performed using a pulse amplitude of 100 mV, and a 100 Hz frequency.
"In-situ" synthesis of 6-chloropyridinediazonium chloride
Prior to the grafting reaction, diazopyridinum salt was synthesized "in situ" in aqueous acid solution of 6-chloropyridin-3-amine (2 mM) and HCl (0.1 M) in which an equimolar amount of sodium nitrite (dissolved in minimum amount of water) was added. The solution was left to react for 5 min and was degassed by bubbling high purity nitrogen, prior to the electrochemical grafting
Grafting reaction and the preconcentration of copper (II) ions
The grafting reaction is performed using Cyclic Voltammetry by imposing 20 potential cycles from + 0.15 to -0.65 V/SCE, with a scan rate of 100 mV/s. To assess the film formation by observing the blocking effect of the film for an electron transfer we have used a 2 mM K 3 [Fe(CN) 6 ] aqueous solution as a redox probe. The preconcentration (complexation) of the copper (II) ions is achieved by dipping the modified electrode with organic layer in the 0.1 mM solution of copper (II) ions (dissolved in phosphate buffer pH ≈ 7). The electrochemical response of the electrode after immersion in the solution with copper (II) ions is performed using SW.
Computational details
We have performed the calculation of the Bond Dissociation Energy (BDE) [13, 15] of the grafted pyridine moiety onto the 9 atom Pt cluster [19] and the effect of the second bonded moiety. Furthermore, the adsorption of copper (II) ions (in monodentate and bidentate mode) was also investigated. In both cases, the DFT method employing the Generalized Gradient Approximation (GGA) [20] /PBE (Perdew-Burke-Ernzerhof ) form [15,,] was used. The calculations were based on the double-numeric quality with polarization functions (DNP) basis set [].
The interaction energy, both, in vacuum is evaluated as follow [22, 23] :
(for one bonded pyridine moiety)
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Results and Discussion
The grafting reaction scheme is presented in Scheme 1. As mentioned above, the first step is the synthesis of the corresponding aryldiazonium cation followed by subsequent grafting. The voltammograms obtained during the grafting reactions of GC and Pt electrodes are presented in Figure 1 . The shape and current of the voltammogram follows the typical grafting features as observed with other aryldiazonium cations [2, 3, 10] . The observed current decrease is due to the blocking effect of the formed organic film during the electrochemical reduction of diazonium, which prevents the electron transfer from the electrode surface and the reduction of other diazonium species thus limiting further film growth [1, 2, 4] .
The current drifts observed in the case of Pt electrode are due to the hydrogen evolution reaction (as the grafting is performed in acidic medium). The reduction potential is at E ~ -0.25 V in the case of the glassy carbon electrode. A rough estimation of the surface modification percentage can be obtained simply by evaluating the current decrease in each grafting cycle. The steady behavior of the current in both cases is observed only after performing 20 CV, thus these conditions are taken as a maximum possible mean to completely modify both of electrodes. The presence of the grafted layer onto the electrode surface is evaluated by using a redox probe such as the [Fe (CN) 6 ] 3-/ [Fe (CN) 6 ] 4couple. In Figure 2 shows the cyclic voltammograms of bare and modified electrodes for both platinum and glassy carbon electrodes. The current decrease and peak potential separations between the bare and the grafted electrode surfaces are evident as observed in previously reported studies on grafting reactions using diazonium salts [1, 4] . From the voltammograms, it is clearly seen that the decrease of the current in the case of the modified electrode, as expected, is due to the electron blocking behavior of the grafted organic layer.
In order to achieve the surface complexation of copper (II) ions, the rinsed modified electrode surfaces were dipped in 0.1 mM of copper (II) ions in ammonium acetate buffer solution (at pH ≈ 7). After the complexation of copper (II) ions with grafted pyridinium moieties on platinum and glassy carbon surfaces (preconcentration of copper (II) ions), the electrodes were rinsed and immersed in an electrochemical cell containing only the electrolyte solution. The assessment of the complexation of copper (II) ions by modified glassy carbon electrode is done by SW potential scan (Figure 3 ). It can be observed, in the case of bare GC electrode immersed in the acetate buffer solution containing 0.4 mM copper (II) ions, two current peaks at E 1 = -0.08 V (I 1 = -40 μA) and E 2 = -0.70 V (I 2 = -14.5 μA) that represents different equilibrium copper (II) ions (+I and +II) (Figure 3d ). For electrolyte solution in the bare electrode (Figure 3a) , there are no electrochemical signals as expected, the same remains true when the measurement was performed in the solution of 6-chloropyridin-3-amine or grafted with 6-chloropyridine moieties (Figure 3b and 3c) . The GC electrode grafted with 6-chloropyridine moieties was immersed during 45 min in the aqueous solution with copper (II) ions and thereafter the electrochemical signal of complexed ions is obtained at lower potential (-0.17 V/SCE) than free copper (II) ions.
The ability of pyridine grafted film to link copper (II) ions is studied at molecular level by DFT calculations which first is employed to evaluate the binding energy of the layer. This parameter is important as it shows the stability of the formed layers [15, 16, 23] . The optimized geometry for all species in the grafting reaction is shown in Figure 4 . The bond dissociation in the case of one grafted chloropyridine moiety is -70.14 kcal/mol, whereas in the case of two such grafted moieties is -140.58 kcal/mol. This high stabilization effect of the second grafted group is observed when two phenyl groups are bonded to the para positions of the same six-membered ring to form a pair on the basal plane [19] . These significant high values obtained from BDE support the high stability of the formed interface, which is of primary interest in the materials science. Figure 5 presents the geometries of the copper (II) ions adsorption onto the pyridine grafted layer for mono-and bi-dentate interaction modes. These results gave insights regarding the complexation ability of these layers (to our knowledge this represents the first study). The Pt-C bond length is 2.037 Å which is shorter than that of Au-C bond [11] . The copper (II) ions when interacting with a single grafted moiety are at the distance of 1.88 Å from the N atom of the pyridine ring. In the case of the bi-dentate mode of interaction ( Figure 5 
Figure 5:
The optimized structures for the interaction of copper (II) ions with: A. one (mono-dentate) and B. two (bi-dentate) two attached chloropyridine groups. two rings is 1.91Å. These relatively close distances lead to high complexation energies, -201.8 for a mono-and -248.8 kcal/mol for bi-dentate complexation mode.
Conclusions
This paper describes the grafting of pyridine moieties derived from corresponding ''in-situ'' prepared 6-chloropyridine-diazonium chloride salt onto platinum and GC surface. The SW measurements have proven that the grafted pyridine layer has served to complex the copper (II) ions and therefore this organic film may be used for their detection. DFT calculations support a strong binding of the pyridine moieties onto the Pt surface. The most favorable complexation mode of copper (II) ions as suggested from DFT is the bidentate mode. The experimental data and theoretical calculations derived from this study shows the importance of the grafting of aromatic and heteroaromatic cycles for the modification of the material surfaces and the possible application of the nanocomposite.
